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Notch signaling is ubiquitously used to coordinate
differentiation between adjacent cells across meta-
zoans. Whereas Notch pathway components have
been studied extensively, the effect of membrane
distribution and dynamics of Notch receptors and li-
gands remains poorly understood. It is also unclear
how cellular morphology affects these distributions
and, ultimately, the signaling between cells. Here,
we combine live-cell imaging and mathematical
modeling to address these questions. We use a
FRAP-TIRF assay tomeasure the diffusion and endo-
cytosis rates of Delta-like 1 (Dll1) in mammalian
cells. We find large cell-to-cell variability in the diffu-
sion coefficients of Dll1 measured in single cells
within the same population. Using a simple reac-
tion-diffusion model, we show how membrane dy-
namics and cell morphology affect cell-cell signaling.
We find that differences in the diffusion coefficients,
as observed experimentally, can dramatically affect
signaling between cells. Together, these results
elucidate how membrane dynamics and cellular ge-
ometry can affect cell-cell signaling.
INTRODUCTION
Notch signaling is a highly conserved juxtacrine-signaling
pathway, which is repeatedly used for the coordination of differ-
entiation between neighboring cells in metazoans (Artavanis-
Tsakonas and Muskavitch, 2010; Artavanis-Tsakonas et al.,
1999). Interaction between Notch receptors in one cell, and
Notch ligands on a neighboring cell, results in two consecutive
proteolytic cleavage events of the Notch receptor (Bray, 2006;
Gordon et al., 2008) and the release of its intracellular domain,
which then translocates to the nucleus and serves as a co-tran-
scription factor (Nam et al., 2006).
Notch ligand endocytosis is known to be essential for Notch
signaling, although its exact role is still controversial (HeussCet al., 2008; Koo et al., 2005, 2007; Le Borgne, 2006;Weinmaster
and Fischer, 2011). It has been suggested that endocytosis and
recycling processes are involved in priming of the Notch ligands
(Le Borgne, 2006) as well as in exerting a pulling force on the
Notch receptors in adjacent cells, required for their activation
(Meloty-Kapella et al., 2012; Nichols et al., 2007).
In addition to recycling processes, the membrane distribution
of Notch receptors and ligands can be affected by lateral diffu-
sion. Although the role of membrane diffusion has been studied
extensively in other signaling pathways (Chung et al., 2010; Jas-
kolski and Henley, 2009; Niv et al., 1999; Wang et al., 2008), its
role in Notch signaling is still largely unknown (Narui and Salaita,
2013).
The geometry of the contact between cells can also be an
important factor affecting Notch signaling. Interestingly, Notch
signaling is found to operate in different tissues with very
different cell-cell contact morphologies. For example, Notch
signaling can be found in adherens junctionswhere the boundary
between cells can extend over several microns (Couturier et al.,
2012). In contrast, it has been suggested recently that Notch
signaling can be transduced through very thin filopodial contacts
between non-adjacent cells (on the order of 0.1–0.2 mm in diam-
eter; Cohen et al., 2010). Such signaling events were shown to be
important for proper patterning in bristle spacing in Drosophila
(Cohen et al., 2010) and in pigment patterning in the zebrafish
(Hamada et al., 2014).
How do the lateral diffusion and recycling processes affect
the distribution and dynamics of Notch receptors and ligands
on the contact between cells? How does the geometry of the
contact affect these distributions and ultimately the signaling
between cells? Here, we address these questions using a
combination of quantitative experiments and mathematical
modeling. We performed fluorescence recovery after photo-
bleaching (FRAP) coupled to total internal reflection fluores-
cence (TIRF) microscopy to measure the diffusion and endocy-
tosis rates of the Notch ligand Delta-like 1 (Dll1) in a cell culture
assay. We developed a mathematical modeling approach that,
together with our experimental results, provides a framework
for understanding how the interplay among lateral diffusion,
membrane recycling, and geometry of cell contact affects
Notch signaling.ell Reports 14, 225–233, January 12, 2016 ª2016 The Authors 225
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Figure 1. Distribution of Diffusion Coeffi-
cients of Dll1 Is Broad
(A) A typical filmstrip from a FRAP-TIRF experi-
ment on CHO-Dll1-mCherry cell (Movie S1). Pho-
tobleached region is indicated by arrow. Scale bar
(blue), 10 mm.
(B) Shape of fluorescence recovery profile along a
rectangle perpendicular to the bleached stripe
(y direction in the inset) as a function of time. The
fluorescence level at each point is averaged along
the axis parallel to the bleached stripe (x direction
in the inset). Fluorescence is normalized by the
pre-bleach fluorescence level.
(C) A fit of the fluorescence profile shown in (B).
The extracted fitting values for this FRAP experi-
ment are D = 0.086 ± 0.004 mm2s1 and Kendo =
0.026 ± 0.001 s1, where the denoted error is the
95% confidence interval on the fitting parameters.
(D) A filmstrip from a FRAP-TIRF experiment on
two CHO-Dll1-mCherry cells in parallel (Movie S2).
The two cells (arrows) that were photobleached
simultaneously exhibit markedly different recovery
times. Scale bar (blue), 10 mm.
(E) A histogram of the diffusion coefficients,
D, measured in 117 different CHO-Dll1-
mCherry cells is shown (D = 0.038 m2s1,
stdðDÞ = 0.024 mm2s1).
(F) Calculated endocytosis rates are uncorrelated
with diffusion coefficients values in CHO-Dll1-
mCherry cells (R2 = 0.11, p = 0.24). Each point in
the plot comes from a fit performed on one cell.
Error bars shown correspond to the 95% confi-
dence interval on the fitting parameters.RESULTS
Measuring the Diffusion Coefficient and Endocytosis
Rates of Dll1 Using FRAP-TIRF
To understand Notch ligand dynamics, we have developed a
method to measure both the lateral diffusion coefficient and
the endocytosis rate of Dll1 in mammalian cell culture using
FRAP-TIRF (Leake et al., 2006). This method is based on the
quantitative analysis of the fluorescence recovery profile in
space and time (Goehring et al., 2010). We have applied this
method to the Chinese hamster ovary (CHO-K1) cell line that sta-
bly expresses rat Dll1 fused to the red fluorescent protein
mCherry (Dll1-mCherry) (Sprinzak et al., 2010). Figure 1A shows
a filmstrip from a typical FRAP-TIRF experiment onCHO-K1 cells
expressing Dll1-mCherry (CHO-Dll1-mCherry). FRAP experi-
ments were performed in regions of the basal membrane in
which fluorescence was relatively uniform, avoiding the strongly
fluorescent endocytic vesicles observed (Figure 1A; Movie S1).
We then analyzed the fluorescence recovery profile (Figure 1B)
using a custom image analysis code (see Experimental Proce-
dures) and fitted it to a functional form that takes into account
both diffusion and endocytosis (Figure 1C). This allowed us to
obtain the effective diffusion coefficient, D, and the endocytosis
rate, kendo, for each cell measured (Figure 1C). The values ob-
tained were on the same order of magnitude as previously226 Cell Reports 14, 225–233, January 12, 2016 ª2016 The Authorsmeasured for other transmembrane proteins (Jacobson et al.,
1987; Wiley and Cunningham, 1982).
Diffusion Coefficient of Dll1 Exhibits Broad Cell-to-Cell
Distribution
Repeating the same experimental procedure on many CHO-
Dll1-mCherry cells, we found that cells exhibit recovery times
that are markedly different from each other (Figure 1D; Movie
S2). This is despite the fact that all cells originated from a single
isogenic clone and were subjected to the same experimental
conditions. We found that the distribution of diffusion coeffi-
cients is very broad, spanning over more than one order of
magnitude, with average D = 0.038 mm2s1 and SD of stdðDÞ =
0.024 mm2s1 (Figure 1E). Similarly, the distribution of endocy-
tosis rates is also quite broad (Figure S1A), with an average of
kendo = 0.018 s
1 and SD stdðkendoÞ = 0.009 s1. The endocytosis
rates and diffusion coefficients did not show a significant corre-
lation (Figure 1F). The observed variability in diffusion coeffi-
cients also was not significantly correlated with the average
fluorescence per cell (Figure S1B), although the highest diffu-
sion rates seemed to have lower fluorescence. Similar variability
in diffusion and endocytosis rates was observed with
Marine Darby canine kidney (MDCK) cells expressing Dll1-
mCherry (Figures S1C and S1D), but with significantly higher
average values of the diffusion coefficients and endocytosis
rates (D = 0.066 mm2s1 with stdðDÞ = 0.04 mm2s1 and kendo =
0.029 s1 with stdðkendoÞ = 0.019 s1). We noted that, unlike in
CHO-Dll1-mCherry cells, there was a correlation between diffu-
sion and endocytosis rates in MDCK-Dll1-mCherry (Figure S1E).
This correlation can potentially arise from the limitation on accu-
rately fitting small endocytosis rates for cells exhibiting higher
diffusion rates (Goehring et al., 2010). These results suggest
that neither the endocytic recycling nor the expression levels
are likely to be responsible for the observed cell-to-cell variability
of the diffusion coefficients.
Next, we wanted to check whether cell density or cell cycle
can affect the distribution of diffusion coefficients. We therefore
performed FRAP-TIRF experiments in three different cell den-
sities. We found that the differences among the distributions in
the three different densities were not statistically significant (Fig-
ures S1F and S1G). To test whether the cell cycle can affect diffu-
sion rates, we transfected our cells with a Fucci cell-cycle
reporter that turns on a green fluorescent marker during the
S/G2/M phases (Sakaue-Sawano et al., 2008). We then
measured the distribution of diffusion coefficients in the cells ex-
pressing the cell-cycle marker. The resulting distribution of diffu-
sion coefficients (Figure S1H) was not significantly different from
the general cell population (Figure 1E), suggesting that different
membrane dynamics are not related to cell-cycle stage. These
measurements indicate that the observed variability is not due
to local cell density nor due to cell-cycle stage.
Variability in Different Areas within the Same Cell and
between Sister Cells Is Small
To check whether the observed variability is due to differences
between cells, we performed FRAP experiments in two areas
in the same cell at the same time (Figure 2A; Movie S3). The re-
covery times for the two areas were typically very similar, and the
resulting fitting parameters were highly correlated between the
two areas (Figures 2B and S2A). This result suggests that
the diffusion coefficients and endocytosis rates are quite uniform
within different areas in the same cell and that the observed vari-
ability is indeed due to differences between cells. This result also
provides evidence that the error in the estimation of diffusion and
endocytosis rates is considerably smaller than the observed
variability between cells.
We also wanted to determine whether the correlation between
diffusion and endocytosis rates persists after cell division. To do
that we performed experiments on CHO-Dll1-mCherry cells
seeded at low-plating density and imaged after 24 hr (slightly
longer than the cell-cycle time of20 hrs).We then identified iso-
lated pairs of cells, presumed to be sister cells, and performed
FRAP-TIRF experiments on these pairs. We found a significant
correlation between the diffusion coefficients of sister cells (Fig-
ure 2C) and, to a lesser degree, between the endocytosis rates of
sister cells (Figure S2B). This result shows that the timescale
associated with changes in diffusion and endocytosis rates is
on the order of several hours.
Diffusion of Dll1 in Filopodia Is Faster Than in the Bulk
It has been suggested that Notch signaling between cells can
also be transduced through filopodia (Cohen et al., 2010; Ham-
ada et al., 2014). We therefore wanted to test whether Dll1 in
filopodia exhibit similar dynamics as Dll1 in the bulk plasmaCmembrane. We performed FRAP-TIRF experiments on filopodia
extending from our CHO-Dll1-mCherry cells (Figure 2D; Movie
S4). Although it is known that trafficking along filopodia is
controlled by active transport mediated by Myosin X (Mattila
and Lappalainen, 2008), we found that the recovery profile in fi-
lopodia generally fits a diffusion-like behavior. We used a similar
fitting procedure as before to extract the diffusion coefficients
within filopodia, with the main difference being that endocytosis
was assumed not to contribute in this case. The distribution of
effective diffusion coefficients in filopodia was still very broad,
with a significantly higher mean (D = 0.06 mm2s1 with stdðDÞ =
0.034 mm2s1) than in the bulk (Figure 2E). This may indicate
that active transport is involved in trafficking of Dll1 in filopodia,
enabling faster dynamics than in the bulk.
Diffusion Coefficient of Dll1, Lacking the Intracellular
Domain, Is Slow
The activity of Dll1 is known to be regulated by ubiquitylation of
its intracellular domain by the E3 ubiquitin-ligase Mindbomb1
(Koo et al., 2005, 2007; Lai, 2002; Weinmaster and Fischer,
2011). Dll1 lacking the intracellular domain reaches the mem-
brane but cannot activate Notch receptors in neighboring cells
(Heuss et al., 2008; Nichols et al., 2007). To check whether the
intracellular domain of Dll1 affects the dynamics on the cell
membrane, we generated a stable CHO-K1 cell line ex-
pressing Dll1 lacking the intracellular domain and fused to
mCherry (CHO-Dll1-DICD-mCherry). We found that the distribu-
tion of diffusion coefficients of CHO-Dll1-DICD-mCherry has a
significantly lower average (D = 0.0069 mm2s1 with stdðDÞ =
0.0068 mm2s1) than the wild-type (Figures 2F and S2C). The dis-
tribution of endocytosis rates of CHO-Dll1-DICD-mCherry was
similar to the corresponding distribution in CHO-Dll1-mCherry
(Figure S2D). Also in this cell line, the endocytosis rate did not
correlate with the diffusion coefficients (Figure S2E). We noted
that the membrane distribution for this mutant was different
than the wild-type, showing a more punctate form (Figure S2C).
The slower dynamics observed in this mutant suggest that the
intracellular domain of Dll1 is necessary for the faster diffusion
observed in Figure 1E.
To test whether the observed dynamics of Dll1 are mediated
by active transport associated with actin cytoskeleton, we
measured how the distribution of diffusion coefficients of CHO-
Dll1-mCherry is affected by Latrunculin B (LatB), an inhibitor of
actin cytoskeleton. Although the actin cytoskeleton adjacent to
the basal membrane was highly affected by LatB (Figure S2F),
we found no significant change in the dynamics of Dll1 (Fig-
ure S2G). Hence, interaction with actin cytoskeleton is not likely
to contribute to variability of Dll1 diffusion coefficients.
Mathematical Model of Notch Delta Signaling
What is the influence of the observed variability in ligand dy-
namics on developmental processes with different cellular
and tissue morphologies? To address this question, we devel-
oped a mathematical model that allows us to calculate the
dependence of Notch signaling on the dynamics of receptors
and ligands as well as on the properties of the contact between
cells. We considered a simplified model containing one cell that
expresses only Notch receptors and one cell that expressesell Reports 14, 225–233, January 12, 2016 ª2016 The Authors 227
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Figure 2. Factors Underlying the Observed Cell-to-Cell Variability in Diffusion Coefficients of Dll1
(A) A filmstrip shows two FRAP experiments on one CHO-Dll1-mCherry cell (Movie S3). Scale bar (blue), 10 mm.
(B) Comparison of the diffusion coefficients obtained from two bleached areas within the same CHO-Dll1-mCherry cell (as in A) shows significant correlation
(R2 = 0.89, p < 0.01). The denoted errors are the 95% confidence interval on the fitting parameters. The blue lines denotes the D1 = D2 line.
(C) Comparison of the diffusion coefficients obtained from two sister cells exhibits significant correlation (R2 = 0.85, p < 0.01). The denoted errors are the 95%
confidence interval on the fitting parameters. The blue lines denotes the D1 = D2 line.
(D) A filmstrip shows a FRAP-TIRF experiment performed on filopodia extending from a CHO-Dll1-mCherry cell (Movie S4). Scale bar (blue), 10 mm.
(E) A histogram of the diffusion coefficients, D, in filopodia, measured in 42 different CHO-Dll1-mCherry cells (D = 0.060 m2s1, stdðDÞ = 0.034 mm2s1). This
distribution is significantly different from the distribution of diffusion coefficients in the bulk (Figure 1E, p < 105 as calculated by Wilcoxon rank-sum test).
(F) A histogram of the diffusion coefficients, D, measured in 32 different CHO-Dll1-DICD-mCherry cells (D = 0.0082 m2s1, stdðDÞ = 0.0071 mm2s1). This dis-
tribution is significantly different from the distribution of diffusion coefficients in the bulk (Figure 1E, p < 1010 as calculated by Wilcoxon rank-sum test).only Delta ligands that share a contact with a diameter b (Fig-
ures 3A and 3B). We also considered three main processes in
our model as follows: (1) Notch receptors and Delta ligands
exocytose and endocytose into and out of the cell membrane,228 Cell Reports 14, 225–233, January 12, 2016 ª2016 The Authors(2) Notch receptors and Delta ligands diffuse laterally on the cell
membrane of their respective cells, and (3) Notch receptors and
Delta ligands can interact at the contact area. This interaction is
described by a simple Michaelis-Menten reaction where a
Figure 3. AMathematical Model of Notch-Delta Signaling Elucidates the Dependence of Notch Signaling onContact Diameter and Diffusion-
Length Scale
(A) Schematic shows the two-cell model in which a Notch-expressing cell (blue) and a Delta-expressing cell (red) are in direct contact.
(B) A cross-sectional view of (A) shows the following three processes taken into account in the model: (1) lateral diffusion of Notch and Delta, with diffusion
coefficient denoted by D; (2) endocytosis and exocytosis processes, with rates denoted by Kendo and Kexo, respectively; and (3) a Michaelis-Menten reaction
between Notch andDelta at the boundary described bymass action kinetics (bottom), where k + ; k; and ks are the on rate, off rate, and catalytic processing rate,
respectively.
(C) Typical steady-state distributions along a cross-section of the cell (see inset) of free Notch (blue), free Delta (red), and the Notch-Delta complex (NDL, green)
calculated for a typical parameter set (see parameter estimation in the Supplemental Experimental Procedures). The concentrations for all variables are
normalized by the Notch concentration far from the boundary. Parameter values used are as follows: k + = 0:167 mm2s1; k = 0:034 s1; kS =
0:34 s1; D= 0:02 mm2s1; Kendo = 0:02 s1; Dl0Kexo = 0:2 mm2s1; N0Kexo = 2 mm2s1; and b= 3 mm.
(D) A plot of the total signal (z axis) as a function of the diffusion-length scale l (y axis) and the contact diameter b (x axis). The total signal is the integral of the signal
density over the contact area. For a fixed value of l, the total signal exhibits two distinct behaviors as follows (black line and inset): (1) when b > l (regime I), the
signal is proportional to the contact area; and (2) when l > b, the signal depends very weakly on the contact area. Parameter values used are the same as in (C)
except the following: D= 0:0001 36 mm2s1; b= 0:1 18 mm.Notch receptor can bind to a Delta ligand at the boundary,
forming a Notch-Delta complex. This complex is then pro-
cessed to generate the signal, which in our case is the concen-
tration of cleaved Notch intracellular domain (NICD) produced
in the cell (Sprinzak et al., 2010; Figure 3B; see Experimental
Procedures for details).
Using these processes, we derived a set of reaction-diffusion
equations that describe the dynamics of the membrane concen-
trations of free Notch, free Delta, and the Notch-Delta complex.
Steady-state distributions of free Notch, free Delta, and the
Notch-Delta complex along the perimeter of the two cells are
shown in Figure 3C for a typical set of parameters. Although
we considered the case of more Notch than Delta in this
example, the opposite case of more Delta than Notch shows a
similar behavior with Notch and Delta switching roles (Fig-
ure S3A; Experimental Procedures).CDiffusion and Endocytosis Rates Determine the
Concentration Profiles of Notch and Delta
Our model shows that the distribution of free Delta exhibits a dip
at the contact area between cells (red curve in Figure 3C), reflect-
ing the fact that in this area free Delta is quickly captured by the
abundant free Notch in the neighboring cell. Free Notch levels
also decrease but to a much lesser extent, since only a small
fraction of the free Notch is captured by Delta (blue curve in Fig-
ure 3C). Notch-Delta complexes accumulate at the boundary
and are restricted to it (green curve in Figure 3C).
Diffusion tends to broaden the steady-state concentration
profile of free Delta (Figure S3B). The broadening of the free Delta
concentration profile is determined by the diffusion-length scale
of free Delta, l=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D=kendo
p
, where D and kendo are the diffusion
coefficient and endocytosis rate of Delta, respectively. The diffu-
sion-length scale describes the typical distance a Delta proteinell Reports 14, 225–233, January 12, 2016 ª2016 The Authors 229
AB
C
Figure 4. Diffusion-Length Scale of Dll1 Is Variable and Is on the
Same Order of Magnitude as Typical Contact Diameters
(A) A histogram showing the distribution of diffusion-length scales, l, for CHO-
Dll1-mCherry measured in 117 different cells. The distribution is quite broad,
with mean l = 1.56 mm and SD of 0.64 mm (same cells as Figure 1E).
(B) Implications of the results in different tissue morphologies. For epithelial
contacts, the typical contact diameter is expected to be larger than the
average diffusion-length scale measured in (A), corresponding to regime I in
Figure 3D. For contact through filopodia, the contact diameter may be smaller
than the average diffusion-length scale measured in (A), corresponding to
regime II in Figure 3D.
(C) Two scenarios for Notch signaling between pairs of cells with different
contact diameters. Assuming values obtained in (A), the signal through a small
contact area (right pair, total signal = 20.2) can be higher than the signal
through a large contact area (left pair, total signal = 14.3), depending on the
respective diffusion-length scales in the two pairs. Parameter values used are
the same as in Figure 3C except the following: DN = 0:02 mm2s1; DDl =
0:09; 0:02 mm2s1; kNendo = 0:02 s
1; kDlendo =0:01; 0:02 s
1; b= 0:3; 3 mm.diffuses on the cell membrane before it endocytoses. Hence, the
contact area serves as a sink; free Delta flows into it from a region
determined by the diffusion-length scale, l. We noted that the
diffusion of the Notch-Delta complex has almost no effect on
the distributions of free Notch and free Delta (Figure S3C).
A detailed analysis of the dependence of the concentration pro-230 Cell Reports 14, 225–233, January 12, 2016 ª2016 The Authorsfiles on the parameters of the model is provided in the Supple-
mental Experimental Procedures (Figures S3D and S3E).
Signaling Depends on Diffusion-Length Scale and
Contact Area
Next, we asked how the two relevant length scales of the system,
the diffusion-length scale, l, and the diameter of the contact
area, b, affect the signal in the Notch-expressing cell (Figure 3D).
Interestingly, calculation of the dependence of the signal on
these two length scales in our model revealed two distinct re-
gimes as follows: (1) if the contact diameter is larger than the
diffusion-length scale (i.e., b> l), then the diffusion has only a
small contribution to the signal and the signal would be propor-
tional to the contact area between cells; and (2) if the contact
diameter is smaller than the diffusion-length scale (i.e., b< l),
then the signal is dominated by the influx of Delta ligands into
the contact area and, therefore, has only weak dependence on
the diameter of the contact area. In this regime, the signal is
due to ligands that come from an effective area of l2, which is
much bigger than the contact area. Faster ligand diffusion can
strongly affect signaling between cells in this regime. Hence,
our results suggest that the dependence of Notch signaling on
the size of the contact area crucially depends on the typical diffu-
sion-length scales of Notch and Delta.
Measured Diffusion-Length Scale of Dll1 Is Variable and
Is on the Same Order of Magnitude as Typical Contact
Diameters
Given that our FRAP-TIRF measurements provided both the
diffusion coefficient, D, and the endocytosis rate, Kendo, of Dll1,
we could calculate the diffusion-length scale of Dll1 in each of
the cells measured in Figure 1E. Figure 4A shows the distribution
of l for CHO-Dll1-mCherry cells. We found that the average diffu-
sion-length scale was l = 1.56 mm with SD of 0.64mm. Similar
values are obtained for the diffusion-length scale of MDCK-
Dll1-mCherry (Figure S4A). Interestingly, the measured values
of l showed that, depending on contact morphology, the diffu-
sion-length scale can be either smaller (epithelial contacts) or
larger (filopodia) than the cell-cell contact diameter (Figure 4B).
It is interesting to note that the diffusion-length scale of the
mutant Dll1-DICD-mCherry was about three times smaller than
that of thewild-type Dll1 (Figure S4B), reflecting the slowermem-
brane dynamics of the mutant (Figure 2F).
DISCUSSION
This work focuses on the question of how andwhen Notch ligand
dynamics on the plasma membrane affect Notch signaling be-
tween cells. By using a quantitative analysis of FRAP-TIRF on
live cells (rather than looking at fixed samples), we were able to
obtain both the diffusion coefficients and endocytosis rates of
Dll1 in single mammalian cells. Our measurements reveal large
cell-to-cell variability in both diffusion coefficients and endocy-
tosis rates (Figures 1E and S1A).
Why do different cells in the same monoclonal population
exhibit different diffusion coefficients of Dll1? We found that the
observed distribution of diffusion coefficients has weak or no cor-
relation with the endocytosis rate and with the level of expression
of Dll1 (Figures 1F, S1B, and S1E). We show that cell density, cell
cycle, and inhibition of actin cytoskeleton do not significantly
affect the distributions of diffusion coefficients and endocytosis
rates (Figures S1F–S1H and S3E). We also show that variability
in different areas within the same cell is much smaller than cell-
to-cell variability (Figure 2B), suggesting that the diffusion and
endocytosis ratesarecell-intrinsicproperties. Thesecellular prop-
erties aremaintained for relatively long timescales, on the order of
hours, since we found correlations between the diffusion coeffi-
cients and endocytosis rates in sister cells (Figures 2C and S2B).
Recent evidence on Notch signaling through filopodia (Cohen
etal., 2010;Hamadaet al., 2014) alsopromptedus to testwhether
the dynamics of Dll1 trafficking in filopodia are significantly
different than that in the bulk plasma membrane. We found that
the distribution of effective diffusion coefficients in filopodia
also exhibits large cell-to-cell variability, but on average has
significantly higher effective diffusion than that in thebulk (Figures
2D and 2E). It is known that active retrograde and anterograde
traffickingcontributes to transport in filopodia (Mattila andLappa-
lainen, 2008). Hence, the observed faster dynamics of Dll1 traf-
ficking along filopodia is potentially due to such active transport.
Given that the activity of Dll1 is regulated by ubiquitylation of
its intracellular domain (Le Borgne, 2006; Weinmaster and
Fischer, 2011), we also tested the dynamics of Dll1 lacking its
intracellular domain. Our findings show that the mutant Dll1-
DICD exhibits significantly slower dynamics than the wild-type
form (Figures 2F and S4B). This result suggests a potential
new function for the Dll1 intracellular domain: controlling the
effective diffusion coefficient and, hence, ligand dynamics. It
will be interesting to check whether this regulation of ligand dy-
namics is also mediated by ubiquitylation.
To understand how the observed dynamics affect signaling
between cells, we developed a mathematical modeling
approach that elucidates the interplay between membrane dy-
namics and cell morphology. The results of themodel emphasize
the importance of the diffusion-length scale of the Notch
ligand l. This length scale directly depends on the diffusion co-
efficients and the endocytosis rates we measured. Our model
suggests that signaling between cells exhibits a qualitatively
different behavior depending on the value of l. If the contact
diameter between cells is larger than the diffusion-length scale
ðb> lÞ, then the signal is proportional to the contact area
(regime I in Figure 3D). On the other hand, if the contact
diameter is smaller than the diffusion-length scale ðb< lÞ, then
the signal depends very weakly on the contact area and instead
is controlled by the influx of ligands (or receptors) from the area
surrounding the contact region (regime II in Figure 3D). Experi-
mentally, we found that the diffusion-length scales of Dll1 are
in the range of 0.58–4.17 mm (Figure 4A), which is on the same
order of magnitude as the typical contact diameters between
cells (Farhadifar et al., 2007; Puliafito et al., 2012).
These results have implications on the way Notch signaling op-
erates in different tissuemorphologies. Tissues containing cellular
morphologies with large contact diameters, such as epithelial
morphology (left in Figure 4B), are expected to be in regime I
ðb> lÞ. In such tissues, lateral diffusion should play only a minor
role in signaling and the signal will be proportional to the contact
area. In contrast, in filopodia, which have very small contact diam-Ceters (on the order of 0.1–0.3 mm; Mattila and Lappalainen, 2008),
we expect to be in regime II ðb< lÞ (right in Figure 4B). Thus, the
signal through filopodia is determinedmainly by the diffusion of li-
gands (or receptors) into the contact area rather than by ligands
already present at the contact area. The magnitude of signaling
in this case should be independent of the contact diameter.
The observed broad distribution in the diffusion coefficients of
Dll1 leads to a broad distribution of the diffusion-length scales
(Figure 4A). This broad distribution implies that cells may actively
control cell-to-cell signaling by regulating the diffusion-length
scale. To illustrate this point, we considered the hypothetical sit-
uation shown in Figure 4C, where two pairs of Notch-Delta cells
with very different contact diameters are compared (assuming
3-mm diameter for the left pair and 0.3-mm diameter for the right
pair). If all other parameters were equal, clearly the signal going
through the pair with the larger contact would be higher. How-
ever, if we assume that the diffusion length of Delta is higher in
the pair with smaller contact (3 mm in the right pair versus 1 mm
in the left pair), then our model predicts that the signal through
that pair would be higher (Figure 4C), even though its contact
area is two orders of magnitude smaller. This example shows
that differences in the diffusion-length scales, as observed
experimentally, may strongly affect the ability of cells to commu-
nicate. Furthermore, it shows that Notch signaling between cells
can, in principle, be regulated by actively controlling the diffu-
sion-length scale of membrane ligands (or receptors).EXPERIMENTAL PROCEDURES
Description of Genetic Constructs and Cell Lines
The Dll1-mCherry fusion construct was developed previously (Sprinzak et al.,
2010). The Dll1-DICD-mCherry construct was constructed using Gibson clon-
ing (Gibson et al., 2009) based on the pcDNA5-TO-Dll1-mCherry vector (Sprin-
zak et al., 2010), where the intracellular domain was deleted from position 561
(Valine) to 714 (Valine) (Meloty-Kapella et al., 2012). The generation of stable
CHO-Dll1-mCherry cells was described previously (Sprinzak et al., 2010). Sta-
ble CHO-Dll1-DICD-mCherry and MDCK-Dll1-mCherry cells were generated
using the same procedure (Sprinzak et al., 2010).
Description of Experimental Protocols and Microscopy
Cells were plated 72 hr prior to imaging, in low, medium, and high densities
(25,000, 50,000, and 100,000 cells, respectively), on a glass-bottom 30-mm
plate (SPL Lifesciences), in growth medium (aMEM) containing 100 ng/ml
doxycycline (Sigma). Prior to imaging, media were replaced with low-fluores-
cence imaging media (Sprinzak et al., 2010).
Microscopy Details
Cells were imaged in FRAP-TIRF Till photonics system (described in Grunwald
et al., 2013). Photobleaching was performed on a 0.5*7 mm2 bleach area with
100% power of the 561-nm laser for a total bleach time of 40 ms. Two images
were taken before the bleach and 70 images were taken every 0.35 s.
Image Analysis
We used a semi-automatic analysis code (MATLAB 8.0, MathWorks) for data
extraction and fitting procedure. Full details of the image analysis and the
fitting procedures are provided in the Supplemental Experimental Procedures.
In brief, we defined for each movie a region of interest around the bleached
area. The fluorescence profile as a function of time was extracted, corrected
for background level and photobleaching, and averaged along the axis parallel
to the bleached stripe, resulting in a one-dimensional (1D) fluorescence profile
for each time point (as in Figure 1C).
For the experiments testing cell-cycle dependence (Figure S1H), CHO-
Dll1-mCherry cells were transiently transfected with the cell-cycle reporter
Fucci-S/G2/M (Amalgaam) 36 hr prior to imaging. FRAP-TIRF measurementsell Reports 14, 225–233, January 12, 2016 ª2016 The Authors 231
were performed only on cells expressing high levels of the Fucci marker. For
the experiments with cytoskeleton inhibitor (Figures S2F and S2G), cells
were incubated with 0.2 mM LatB (Sigma) or DMSO in control for 2 hr prior
to imaging. To verify inhibition by LatB, Dll1-mCherry cells were transiently
transfected with EGFP-lifeAct (a kind gift from Benny Shilo) 24 hr prior to imag-
ing (Figure S2F).
Fitting Procedure
The fitting procedure was adapted from Goehring et al. (2010). In brief, we
used the following fitting function:
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We first fit the first post-bleach image to the function at t = 0. This provides
values for A, the steady-state fluorescence far from the bleach center; dy ,
the extent of the bleach region; m, the steepness of the boundaries of the
bleach area; and fb, the fraction that was bleached. We then used these values
to fit all the profiles in the movie and obtain the diffusion coefficient D and the
endocytosis rate Kendo. A similar fitting procedure was performed on filopodia
(Figure 3A), but with Kendo taken to be zero (no endocytosis in filopodia).
To assess significance of the correlations in Figures 1F, 2B, 2C, S1B, S1E,
S2A, S2B, and S2E, we calculated the Pearson correlations and the associated
p values for obtaining such correlations. To assess the significance of the differ-
ence between thedistributions in Figures 2E, 2F, S1C, S1F, andS1Gand that of
wild-type Dll1-mCherry in Figure 1E, we used the Wilcoxon rank-sum test.
Mathematical Model
We considered a simplified geometry in which the two cells are described by
large two-dimensional (2D) disks, with a contact area with diameter b at the
center. We took into account threemain processes as follows: (1) Notch recep-
tors (N) and Delta ligands (Dl) exocytose into the cell membrane, in their
respective cells, from a large cytoplasmic pool (N0 and Dl0, assumed to be
constant) with rates kNexoN0 and k
Dl
exoDl0, respectively; Notch receptors and
Delta ligands also endocytose back into the cytoplasmic pool with rates
kNendo and k
Dl
endo, respectively; (2) Notch receptors and Delta ligands diffuse
laterally on the cell membrane of their respective cells with diffusion constants
of DN and DDl; and (3) Notch receptors and Delta ligands can interact at the
contact area. This interaction is described by a simple Michaelis-Menten reac-
tion where a Notch receptor on one cell can bind to a Delta ligand at the bound-
ary, forming a Notch-Delta complex ([NDl]), with association and dissociation
rates k + and k. The Notch-Delta complex can be processed at a rate ks to
generate the signal S, which in our case is the intracellular domain of Notch
(Sprinzak et al., 2010; Figure 3B).
Our model includes four reaction diffusion equations for the concentrations
of Notch receptor, Delta ligand, Notch-Delta complex, and the total signal,
respectively, as follows:
dN
dt
=DNV
2N+ kNexoN0  kNendoN+ IbðrÞ

k½NDl  k +NDl (Equation 1)
dDl
dt
=DDlV
2Dl + kDlexoDl0  kDlendoDl + IbðrÞ

k½NDl  k +NDl (Equation 2)
d½NDl
dt
= IbðrÞ

D½NDlV
2½NDL+ k +NDl  k½NDl  ks½NDl

(Equation 3)
dS
dt
= IbðrÞks
Z
½NDld2r  gS (Equation 4)
Where g is the degradation rate of the signal S, and IbðrÞ is the Heavyside theta
function defined as follows:
IbðrÞ=

1 for r%b
0 elsewhere
(Equation 5)
The total signal is obtained by integrating the signal concentration over the
contact area (Equation 4). We assume that the diffusion coefficient of the
Notch-Delta complex [NDl] is D½NDl = ðDDl +DNÞ=4.232 Cell Reports 14, 225–233, January 12, 2016 ª2016 The AuthorsThe diffusion in Equations 1, 2, and 3 is a 2D diffusion. Since the problem is
radially symmetric, we could reduce the dimensionality of the equations by
switching to polar coordinates. For details see the Supplemental Experimental
Procedures.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, one table, and fourmovies and can be foundwith this article online
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